ABSTRACT While morphological identiÞcation of thrips species has been difÞcult because of their minute size and a lack of easily recognizable characteristics, molecular identiÞcation based on the development of speciÞc molecular markers can be easily and reliably carried out. Among the known molecular markers, the nuclear internal transcribed spacer (ITS) exhibits distinguishable variations among thrips species. In this study, sequences of ITS2 region of 10 agriculturally important thrips were established to design species-speciÞc primers for polymerase chain reaction (PCR). ITS2 sequence variations within these species were far less than those among species, indicating the suitability of this marker for species-speciÞc primers design. These primers, though with one or two sporadically variable positions, showed a good efÞcacy within species. The speciÞcity of these primers, examined on thrips species belonging to 15 genera, proved satisfactory. Furthermore, a multiplex PCR was used successfully for identifying Frankliniella occidentalis (Pergande), an insect pest monitored for quarantine purpose, and three additional thrips also commonly found in imported agricultural products and Þeld samples, i.e., Thrips tabaci Lindeman, Thrips hawaiiensis (Morgan), and Frankliniella intonsa (Trybom). This study has demonstrated that speciÞc primers and multiplex PCR based on ITS2 are reliable, convenient, and diagnostic tool to discriminate thrips species of quarantine and agricultural importance.
Thrips are major pests of many agricultural plants worldwide, including staple crops, ßoral plants, vegetables, and fruit crops. Besides being the only vectors of plant tospovirus, they can directly damage the host plants by attacking twigs, leaves, buds, ßowers, and fruits, resulting in stunted growth, feeding scars, distortions, and color mosaic and suffering a great economic loss. For example, onion thrips, i.e., Thrips tabaci Lindeman, could transmit tospovirus as well as Iris yellow spot virus causing more than US$100 million losses annually (Gent et al. 2006, Prins and Goldbach 1998) . Of the Ϸ6,000 species of thrips described, Ϸ2% have been considered as crop pests (Inoue and Sakurai 2007, Mound and Morris 2007) . The identiÞcation of thrips has been traditionally based on morphological characters of adult specimens visible via slide mounting and through microscopic examination. However, their minute size and insufÞcient phenotypic variation makes adults and larvae difÞcult to identify to species level. Some nominal species, such as T. tabaci and Frankliniella occidentalis (Pergande), exhibit marked differences in host plant or habitat preference and tospovirus transmission efÞciency that are likely due to the presence of several cryptic species (Chatzivassiliou et al. 2002 , Brunner et al. 2004 , Toda and Murai 2007 , Brunner and Frey 2010 .
DNA markers commonly used for thrips identiÞca-tion and phylogenetic analysis include mitochondrial DNA, e.g., COI and 16S rDNA (Hoddle et al. 2008 , McLeish et al. 2007 , and nuclear ribosomal DNA and elongation factor (Inoue and Sakurai 2007 , McLeish et al. 2007 , Hoddle et al. 2008 . Most of these analyses address the genetic differentiation among populations, phylogenetic relationships below the generic level, and provide reliable results in the identiÞcation of species complexes. For example, T. tabaci was demonstrated, in terms of COI sequences, to consist of three distinct groups (Brunner et al. 2004 , Asokan et al. 2007 , Toda and Murai 2007 .
Polymerase chain reaction (PCR)-based methods, such as restriction fragment length polymorphism (Toda and Komazaki 2002 , Brunner et al. 2002 , Lin et al. 2003 , Rugman-Jones et al. 2006 , species-speciÞc primers (Liu 2004 , Asokan et al. 2007 , Farris et al. 2010 , Kobayashi and Hasegawa 2012 , and real-time PCR (Walsh et al. 2005 , Huang et al. 2010 can conveniently be applied to thrips identiÞcation. A single-step PCRbased method using speciÞc primers has been shown as a simple, quick, and reliable means for thrips species identiÞcation (Liu 2004 , Asokan et al. 2007 , Farris et al. 2010 . The noncoding fragment, internal transcribed spacer 2 (ITS2), located in the nuclear ribosomal region, has also been widely used in thrips species identiÞcation and population delineation (Farris et al. 2010) .
In this study, species-speciÞc primers were designed based on the constructed ITS2 sequences of 10 agriculturally and horticulturally important thrips, including quarantine thrips F. occidentalis and Thrips imaginis (Bagnall), all of them have economic concern with a diverse host range from ornamental and ßoral plants to vegetable and fruit crops. The efÞcacy and speciÞcity of these primers were examined, respectively, on conspeciÞc individuals and a total of 17Ð22 thrips species. In addition, a multiplex PCR, which is especially useful for quarantine and Þeld workers, are further used in quarantine work for identifying F. occidentalis from thrips species of T. tabaci, Thrips hawaiiensis (Morgan), and Frankliniella intonsa (Trybom), which are commonly detected in imported agricultural products and Þeld-collected samples.
Materials and Methods
Sample Collection and Identification. Specimens were collected between 2004 and 2009 from various locations on the island of Taiwan, and preserved in 95% ethanol. Additional specimens were obtained from Australia, China, Hawaii, Italy, Japan, Peru, Switzerland, Thailand, the United States, and Vietnam (Supp Table 1 [online only]). Species of 10 agronomically important thrips and a number of additional thrips used in speciÞcity tests are given in Table 1 . To verify the genetic variation within species, 10 individuals of each species were sequenced. Each individual thrips was Þrst used for DNA extraction and then mounted on a slide via HoyerÕs medium for morphological identiÞcation using the taxonomic characters suggested by Han (1997) , Mound and Kibby (1998 ), and Wang (2002 , 2007 . These slide-mounting voucher specimens have been stored at the Department of Entomology, National Chung Hsing University, Taiwan.
DNA Extraction. DNA extraction of individual thrips was carried out using the BuccalAmp DNA Extraction Kit (Epicentre Biotechnologies, Madison, WI) with instructions modiÞed as described by Tseng et al. (2010) . Each specimen was immersed in 50 l of DNA Extraction Solution 1.0. After shaking vigorously for 15 s, samples were incubated at 65ЊC for 15Ð20 min followed by an additional 15 s of shaking. Subsequently, the reaction mixture was incubated at 98ЊC for 2 min and then stored at Ϫ20ЊC.
PCR and DNA Sequencing. Primer pairs used for ITS2 fragment ampliÞcation and sequencing were P1Ð2 and 28Sj2 (Tseng et al. 2010) . PCR assay was performed in a volume of 25 l containing 10 mM Tris-Cl (pH 9.0), 50 mM KCl, 1.5 mM MgCl 2 , 0.01% gelatin, 0.1% Triton-X100, 1 U of SuperTaq polymerase (Protech Technology, Taipei, Taiwan), 0.2 mM of each dNTP, 5 pmol of each primer, and 1 l of DNA template. PCR programming conditions were 95ЊC for 2 min for the Þrst denaturation, followed by 35 cycles of 94ЊC for 40 s, 60ЊC for 20 s, and 72ЊC for 20 s, with a Þnal extension at 72ЊC for 10 min. The ampliÞed products were stored at 4ЊC. DNA was puriÞed directly from the ampliÞed product using a QIAquick PCR PuriÞcation Kit (Qiagen, Hilden, German). The resulting DNA product was sequenced in both directions using BigDye Terminator v.3.1 Cycle Sequencing Kit and an ABI 3730XL sequencer (Applied Biosystems, Foster City, California).
Species-Specific Primer Design. ITS2 sequences of each thrips species were aligned using the program BioEdit (Hall 1999) or MAFFT (Katoh et al. 2005) . Species-speciÞc primers were designed based on the variable region of the aligned sequences, including those acquired in this study and from GenBank including F. intonsa, F. occidentalis, Thrips alliorum (Priesner), Thrips flavus Schrank, Thrips fuscipennis Haliday, Thrips hawaiinensis (Morgan), Thrips nigropilosus Uzel, Thrips palmi Karny, Thrips setosus Moulton, T. tabaci, and several Scirtothrips species. Two to Þve species-speciÞc primer pairs, each involving upstream and downstream primers of the variable regions of these target thrips, were designed. The efÞcacy of these speciÞc primer sets was then tested on individuals from different populations of the same species, and their speciÞcity was examined on 17Ð22 thrips species of different genera (Table 1 ). PCR conditions for speciÞc primer sets used in efÞcacy and Thrips used to design species-speciÞc primers are in bold and others were included for speciÞcity examination. speciÞcity tests were similar to those in ITS2 ampliÞ-cation. PCR products were visualized on an agarose gel or with multicapillary electrophoresis (HAD-GT12, eGene Inc., Irvine, CA).
Multiplex PCR on Field Samples. The speciesspeciÞc primers of F. occidentalis were mixed with primers of the other thrips mentioned below for a single reaction. The Þrst multiplex PCR was performed to distinguish the quarantine F. occidentalis from three common thrips speciesÑT. tabaci, T. hawaiiensis, and F. intonsa. The second multiplex PCR diagnosed these four thrips species from 128 thrips samples that were collected from montane Þelds at an elevation of Ϸ2,000 m above sea level. The multiplex PCR mixture was essentially the same as that used for the speciÞc primers reaction, except that each of these multiple primers was used at a concentration of 0.25 or 0.3 M.
Results

ITS2 Sequence Variation Within and Among
Thrips Species. ITS2 fragments for 10 thrips species obtained by the universal primers have a length ranging from 450 to 680 bp. For each thrips species, ITS2 sequences of 10 individuals, except T. imaginis, have been deposited in GenBank (AB775358 ÐAB775452). On average, variations of these sequences within species (0.5 to 4.3%) are much smaller than those among species (11 to 50%), suggesting the possibility of designing species-speciÞc primers for their identiÞca-tion. While Ͼ3% difference in ITS2 sequence is found in Megalurothrips usitatus (Bagnall), Scirtothrips dorsalis Hood, T. hawaiiensis, and T. palmi, Ϸ90% of the uncorrected nucleotide divergences within species is Ͻ3% (Fig. 1) . Approximately 11% divergence is observed in population of S. dorsalis from Taiwan, and a divergence of 3.5% is found between a population from Taiwan and populations from Japan, mainland China, and Thailand in T. hawaiiensis. The sequence divergences among species are mostly between 33 and 51%, except those among the three Frankliniella species, which were 11 to 14%. Phylogenetic inference also shows deep distinct lineages in species with a high bootstrap values (Fig. 2) .
Efficacy of Specific Primers for 10 Thrips Species. AmpliÞed products of these speciÞc primer pairs ranged from 140 to 450 bp in length (Fig. 3) , and pertinent data are given in Table 2 . All these speciÞc primers generated products of the expected size (Fig.  3 ) on Ϸ15 individuals of populations from Taiwan and several other countries. The ampliÞcation efÞcacy was not greatly inßuenced by the one or two sporadically variable positions of these speciÞc primers, including Focc1U5, Focc2D5, Focc3U, Focc3D, Fcep3U, Fcep4D, Musi2U, Musi2D, Musi973D, Sdor4D, Thaw1U, Thaw1D, Thaw4U, Tima3D, Tima4U, Tpal972D, and Ttab972U (Table 2) . Moreover, three to seven variable positions located at or near the 5Ј end of speciÞc primers Sdor2U, Sdor2D, and Tpal971D showed no signiÞcant impact on efÞcacy.
Specificity of Specific Primers for 10 Thrips Species. A test of primer speciÞcity on 17Ð22 thrips species observed the expected ampliÞed products in target species only, with no cross ampliÞcation to other species (Fig. 4) . The remnant primer dimers of Ͻ100 bp in some reactions did not have any impact on the recognition of the target bands, which were Ͼ140 bp. The speciÞcity of these primers on two target thrips, i.e., T. palmi and T. tabaci, viewed with multicapillary electrophoresis, also gave the expected results (Supp Fig. 1 [online only] ).
Application of Multiplex PCR. To evaluate the discriminating power of these speciÞc primers and test their applicability, quarantine thrips, F. occidentalis, and three common species, T. tabaci, T. hawaiiensis, and F. intonsa, were used in multiplex PCR assay. All reactions showed that multiplex PCR correctly distinguished F. occidentalis from the other thrips species (Fig. 5) .
Multiplex PCR with four speciÞc primer pairs was further applied for the diagnosis of Þeld-collected thrips. Of the 128 individuals, multiplex PCR assay correctly identiÞed 57, representing 100% of the four target thrips species (Fig. 6) . Most of the remaining individuals, by morphological examination, are M. usitatus, T. flavus, and T. palmi. Occasionally, a nonspeciÞc band was observed in the PCR product of T. hawaiiensis DNA. However, this extra product of limited quantity and different size did not interfere with the diagnosis of these thrips species.
Discussion
Sequence variations of ITS2 in this study showed less divergence within than among species of thirps (Glover et al. 2010) , which supports the feasibility of designing species-speciÞc primers for the thrips identiÞcation. Species-speciÞc primers are generally designed based on variable regions of ITS2 sequences to acquire speciÞcity required for discrimination among species. However, variable characteristics that may also exist within a species often become a constraint in assay efÞcacy. Alignments of ITS2 sequences showed that one or two variable positions in the primer region could be found among populations. The experiment in ampliÞcation efÞcacy has illustrated that the occurrence of these sporadically variable positions has little inßuence. Thus, degenerate nucleotides could be taken into consideration in speciesspeciÞc primer design.
Phylogenetic studies based on COI sequences have shown that thrips species T. palmi, T. tabaci, and S. dorsalis each consists of several separate lineages. Glover et al. (2010) showed that T. palmi has two distinct lineages in COI but only a single cluster in ITS2 sequences. Alignment for T. palmi ITS2 sequences in this study with 30 other GenBank accessions showed that the currently designed speciÞc primers with a conserved 3Ј end would perform successfully on the other T. palmi populations. In T. tabaci, COI sequences showed three distinct lineages but with no comparable ITS2 sequences (Brunner et al. 2004 , Asokan et al. 2007 , Toda and Murai 2007 The ampliÞcation efÞcacy was not greatly inßu-enced by the one or two sporadically variable posi- 
Abbreviations are the same as in Table 1 . Variable and inserted nucleotides among individuals within species for these primers are in bold. a AmpliÞcation size. b AmpliÞcation result was shown in panels of Figure 3 .
tions of these speciÞc primers, including Focc1U5, Focc2D5, Focc3U, Focc3D, Fcep3U, Fcep4D, Musi2U, Musi2D, Musi973D, Sdor4D, Thaw1U, Thaw1D, Thaw4U, Tima3D, Tima4U, Tpal972D, and Ttab972U (Table 2) . Moreover, three to seven variable positions located at or near the 5Ј end of speciÞc primers Sdor2U, Sdor2D, and Tpal971D showed no signiÞcant impact on efÞcacy. However, seven nucleotide mismatches in primer Sdor2U to its ampliÞcation target DNA, i.e., Tai69 and Tai339, resulted in ampliÞcation failure. It appears that a speciÞc primer with four or fewer nucleotide mismatches to its target DNA would have a higher efÞcacy.
Although a nonspeciÞc ampliÞcation at a low level was observed in several T. hawaiiensis samples, multiplex PCR was applied successfully for the diagnosis of several common thrips species and the identiÞca-tion of Þeld thrips. We recognize that the sample size for S. dorsalis, T. palmi, and T. imaginis may be somewhat small for the efÞciency assay (Figs. 3 and 4) , but their speciÞcity in this study is veriÞable (Fig. 4) .
In conclusion, we have demonstrated that PCR with speciÞc primers based on ITS2 sequences can be used as a reliable, convenient, and cost-effective diagnostic tool to discriminate 10 thrips species of quarantine and agricultural importance. Multiple species-speciÞc Table 1 , and 100-bp DNA ladder is shown. Fig. 5 . Application of multiplex PCR assay to distinguish F. occidentalis from the other common thrips species. Panels A, B, and C for T. tabaci and F. occidentalis; D and E for F. occidentalis, F. intonsa, and T. hawaiiensis; F for T. tabaci, F. occidentalis, and F. intonsa; and G and H for T. tabaci, T. hawaiiensis, F. intonsa, and F. occidentalis . SpeciÞc primers mixture for multiple species is shown on top of each panel and DNA template of each thrips species is shown on each lane. The signal (---) indicates the negative control, and 100-bp DNA ladder is shown.
primers that have been designed for each target thrips species will be useful in multiplex PCR to detect, screen, and survey these common thrips that are often present simultaneously in Þeld samples.
